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By first-principles time-dependent density-functional calculations, we show the relevance of
relativistic effects to shape the photoabsorption cross section of small gold clusters Aun, n8, and
n=20 and small nanowires n7. The relativistic effects not only dictate the stabilization of
planar geometries as it has already been shown by treating the core electrons relativistically: The
spin-orbit coupling also has a strong impact in the absorption spectra resonances and oscillator
strengths. This is especially true for nanowires, where the effect of spin orbit is large and not
substantially reduced with the chain length, in contrast to more compact gold clusters where this
spin-orbit effect tends to be quenched. These results have far reaching consequences in fields such
as electronic transport, where gold nanowires are often used, but where spin-orbit effects are
generally disregarded. © 2008 American Institute of Physics. DOI: 10.1063/1.2990745
The road towards well-defined self-assembled nano-
structured devices with tailored properties has renewed the
interest in the electronic and structural properties of isolated
and supported clusters.1 Nanoparticles are of interest due to
their special catalytic properties,2 and due to their applicabil-
ity in optical devices:3 as the optical response for nanometer
structures depends crucially on the particle size due to quan-
tum effects, their absorbing and emitting spectrum can be
tuned by changing its size or shape. The research on and
possible application of small size- and shape-selected coin-
age metal nanoparticles depends on the feasibility of their
selective preparation. Fortunately, experimental break-
throughs in the last decades have demonstrated this possibil-
ity, e.g., for gold—which is the topic of this work—a syn-
thesis method that allows for control of the average cluster
size and deposits the gold nanostructures on MgO was re-
ported in Ref. 4; previously, the large size dependence of the
catalytic properties of gold clusters supported on magnesia
was reported in Ref. 5. In a different example, functionalized
Au55 clusters were generated using a “bottom-up” fabrication
method based on the self-assembly of the clusters on organic
template patterns.6
Gold is ubiquitous in surface science due to its inertness.
However, the reduction in dimensionality revealed new and
exciting phenomena and possibilities not at all present be-
fore: among others, enhanced reactivity,2 control of shape
and size by external electric fields,7 new optical devices,8
and applications as a basic ingredient for metamaterials or as
an essential component in adaptive-shape femtosecond laser
pulse generators.
Theoretically, the size dependence of the electronic,
magnetic and chemical properties of 3D metallic nanopar-
ticles is by now well understood.9 Still, the interpretation of
the noble metal clusters absorption spectra is quite complex.
Anionic silver clusters exhibit the expected redshift as the
cluster size is decreased,10 whereas the cations are
blueshifted.11 This blueshift has also been found in the opti-
cal response of large 2–4 nm diameter gold nanoparticles
supported in alumina,12 and can be traced back to the action
of the d electrons that form a size-dependent polarizable
background that strongly screens the valence electron
interactions.13
It is therefore clear that, even if the d10s1 electronic ar-
rangement of all coinage metals may suggest their treatment
as simple alkaline clusters, the d-shell interplay with the s
electron has an important contribution. However, this does
not suffice to explain the singularity of gold nanostructures:
relativistic effects were proven to be crucial for the color of
gold and for understanding gold chemistry.14 The bonding in
gold clusters is influenced by relativistic effects that tend to
increase the degree of sd hybridization in the molecular or-
bitals, modifying the geometries of gold clusters: planar
structures are favored for small clusters up to a surprisingly
large number of atoms up to n=7, 11, and 12 for cationic,
neutral and anionic clusters, respectively.15–17 These num-
bers are much larger for gold than for copper or silver, andaElectronic mail: alberto@physik.fu-berlin.de.
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the reason can be unambiguously assigned to relativity.18
Even though the necessity of including to some extent
relativistic effects has always been stressed, the effect of
spin-orbit coupling on the electronic excitations has been
overseen.
19 Usually, except for accurate quasirelativistic
quantum chemistry calculations for the atom or the dimer,20
the account for relativity is restricted to using relativistic
effective core potentials or pseudopotentials.21 Yet, the spin-
orbit splitting of the lowest-lying nonforbidden spectroscopic
line of the gold atom is as large as 0.5 eV.22 Can one expect
that this splitting is quenched by increasing the size of the Au
clusters? Or, that it is washed away as the density of states
grows—and with it, the complexity of absorption
spectra—so that the general shape and features of the spectra
are largely unaffected by the presence of spin-orbit in the
model? Does the magnitude of spin-orbit effects depend on
the cluster dimensionality wires, planar, or 3D structures?
These questions are the object of the present work. In par-
ticular, we will be looking at optical absorption spectra
within time-dependent density-functional theory TDDFT.23
This theory allows the calculation of excited-state energies
and spectra involving neutral excitations, and has been quite
successful describing the optical spectra of clusters. In par-
ticular, we used the explicit time-propagation technique,24 as
implemented in the OCTOPUS code.25
The transition from planar to three dimensional struc-
tures in small gold clusters has been investigated previously
see, for example, Refs. 26 and 27. The aim of this work is
to assess the spin-orbit effects as a function of dimensional-
ity; For such purpose, we have obtained the geometries from
Ref. 26 and reoptimized them through Car–Parrinello
dynamics28 with norm-conserving scalar-relativistic
pseudopotentials.29 To obtain our 3D geometries we per-
formed a similar process as the one described in Ref. 31,
where a classical potential in conjunction with genetic algo-
rithms was used to obtain the initial starting points for the CP
dynamics. At this stage the spin-orbit coupling was ne-
glected, since i the structural modification introduced by
this effect is small, and ii the aim of our work is to isolate
spin-orbit effects in the electronic excitations comparing the
spectra with and without spin-orbit for the same geometry.
It is important to treat exchange-correlation effects at the
PBE-GGA level.30 Our ab initio calculations confirm that
planar structures are the most stable for the cluster sizes stud-
ied here except for the Au20 case. The obtained planar and
3D structures are shown in Figs. 1 and 2. In addition, to
complete the study of the effect of dimensionality, we have
performed computations for linear chains wires of gold at-
oms. For these 1D structures we chose to fix the bond length
to 2.9 Å, which is the nearest-neighbor distance in bulk
gold32 however, for the dimer we have used our computed
equilibrium bond length, 2.55 Å, which compares well to the
experimental value of 2.472 Å.33 Note that nanowire gold
chains were predicted and generated experimentally in the
1990s, and were the subject of extensive investigations.34,35
Low-dimensional gold structures are also widely used in the
study of electronic transport through single molecules, often
connecting the molecule to the leads and supported on
surfaces.35
Regarding computational details, we represented the rel-
evant functions on a real-space regular rectangular grid the
grid spacing was chosen to be 0.4 a.u.; the border of the
simulation box was taken 8 a.u. away from the closest
nucleus. The total propagation time was 750 a.u., and we
used the adiabatic LDA to describe exchange-correlation
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FIG. 1. Color online Absorption cross section a.u. of linear Aun n=2
7, obtained with black line and without grey line spin-orbit coupling.
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FIG. 2. Color online Absorption cross section a.u. of 2D Aun n=3
8, obtained with black line and without grey line spin-orbit coupling.
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effects.36 We generated relativistic nonlocal norm-conserving
pseudopotentials following Ref. 37, as implemented in the
code APE.38 We note that, within a pseudopotential formal-
ism, scalar relativistic effects—up to second order in the fine
structure constant —may be encapsulated within the ex-
pression for the pseudopotential.39 Moreover, the largest con-
tribution of the spin-orbit term to the chemical properties has
its origin in the core region, and may also be treated within
the pseudopotential approximation. We have followed the
scheme suggested by Theurich and Hill,40 which, coupled to
our TDDFT implementation, allows us to discern the effect
of spin-orbit in the valence excitations. We obtain in this
way, for the atomic 2P1/2 and
2P3/2 spectroscopic lines, 4.85
and 5.30 eV experimentally they are found at 4.632 and
5.105 eV.22 There is an absolute error of about 0.2 eV, but
the error in the difference—the spin-orbit splitting—is ob-
tained with the excellent accuracy of 0.025 eV.
The absorption cross sections for the set of clusters stud-
ied here are shown in Figs. 1–3 for one-dimensional wires,
2D, and 3D structures, respectively. The plots show the re-
sults obtained with black thick line and without lighter
grey line the spin-orbit coupling term.
For the wires Fig. 1, the inclusion of the spin-orbit
term has a quite-large effect. For the smallest system, Au2,
the splitting of the first peak in the spectrum amounts to
almost 1.5 eV. The very small peak at low energy is missed
experimentally, whereas the following peak at around 3 eV
is in good agreement with the main experimental peak at
3.18 eV.41,42 If spin-orbit coupling is not included, this
agreement is slightly worse.43 The spin-orbit effect is slightly
reduced with increasing number of atoms. However, even for
the largest system studied Au7, spin orbit still changes the
relative oscillator strength and the peak positions by as much
as 0.5 eV. This result is particularly important in the field of
electronic transport, where wires of these dimensions often
appear in experimental and theoretical setups. As resonances
in the conductance arise when hitting an electronic excitation
energy, our results indicate that inclusion of spin-orbit cou-
pling is crucial to obtain these resonances with the correct
position and intensity. In the case of supported goldchains,35
the screening introduced by the substrate hinders this effect,
effectively quenching spin orbit leading to more “delocalized
s-like particle-in-a-box states.”
For the case of 2D and 3D structures Figs. 2 and 3, the
effect is still noticeable, but much smaller than for the 1D
wires. As the cluster size grows, the density of excited states
grows, and the detailed peak structures is washed away by
the superposition of spectral widths. Even though there is a
clear difference between planar and 3D structures, the latter
show fingerprints of the surface plasmon resonance charac-
teristic of gold nanoparticles. For the planar structures, as the
system size increases, the difference in the spectra with and
without spin orbit is washed out rather soon and after Au5,
the spectra are rather similar. In contrast, for 3D structure
there are still differences in the peak intensities as well as in
several peak splittings. In particular, for the case of Au20, the
spin-orbit correction introduces some features in the near UV
range which can be detected at experimental resolution and
that are not shown in previous calculations without spin or-
bit; see Ref. 44 and references therein.
In addition to the absorption spectra i.e., the imaginary
part of the dynamical polarizability, we also report in Table
I the static dipole polarizabilities which we computed with
the same numerical technology, making use of the finite field
technique for both the planar and the 3D structures. The
atomic value is very similar with and without spin-orbit, in
agreement with previous calculations,44 and within the error
bar of experimental estimates.46 For the clusters, the main
conclusion that can be drawn is that the effect of the inclu-
sion of spin orbit is also rather small—except maybe in the
case of Au3—and in most cases increasing the polarizability.
It is worth noting that the overall relativistic effects in Au
lead to a size contraction, and correspondingly the static po-
larizability should decrease. The spin-orbit part of the rela-
tivistic interactions seems to work in the opposite direction
specially for 2D clusters. The contribution of this effect,
however, is much smaller than the scalar relativistic one. The
planar structures exhibit, for this cluster size range, even-odd
oscillations as reported in previous works.44
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FIG. 3. Color online Absorption cross section a.u. of 3D Aun n=4
7,20, obtained with black line and without grey line spin-orbit
coupling.
TABLE I. Polarizabilities per atom in a.u. for the 2D and 3D clusters
structures studied in this work, calculated either without or with +L ·S
spin-orbit coupling.
Cluster size 1 2 3 4 5 6 7 8
 2D 5.15 5.57 5.79 5.86 6.02 5.86 6.39 6.28
+L ·S 5.20 5.62 6.32 5.91 6.09 5.94 6.47 6.34
 3D 5.95 5.96 5.62 5.59 5.48
+L ·S 6.03 5.89 5.62 5.63 5.46
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We would like to stress that, by comparing the photoab-
sorption cross section spectra obtained for different isomers
with the same size, it is clear that it carries relevant structural
information. Therefore, optical spectroscopy can be used as a
noninvasive characterization tool to discern the specific iso-
mer synthesized in experiments and test the predictions for
change of shape of supported gold clusters by a static electric
field.7 We can speculate that the rather strong spin-orbit ef-
fects in one-dimensional gold wires could have implications
in the development of spintronics devices.
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